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Available online 22 January 2014Abstract Both BMP and Wnt signaling control stem cells in bulge/dermal papilla, intestinal crypt, and bone marrow. To
explore their roles in the limbal niche, which govern corneal epithelial homeostasis, we established an in vitro model of sphere
growth by reunion between single limbal epithelial progenitor cells (LEPCs) and aggregates of limbal niche cells (LNCs) in 3D
Matrigel. Compared to LEPCs alone, spheres formed by LEPC+LNC exhibited higher clonal growth and less corneal epithelial
differentiation. Furthermore, pSmad1/5/8 was in the nucleus of LEPCs, but not LNCs, and correlated with upregulation of
BMP1, BMP3, BMP4, all three BMP receptors, and BMP target genes. Inactivation of BMP signaling in LNCs was correlated with
upregulation of noggin preferentially expressed by LNCs. Additionally, β-catenin was stabilized in the perinuclear cytoplasm in
LEPCs and correlated with upregulation of Wnt7A and FZD5 preferentially expressed by LEPCs. Inactivation of Wnt signaling in
LNCs was correlated with upregulation of DKK1/2 by LNCs. Addition of XAV939 that expectedly downregulated perinuclear
β-catenin in LEPCs led to significant reduction of epithelial clonal growth, but upregulated all three BMP receptors and
downregulated LNC-derived noggin, resulting in activation of BMP signaling in LNCs. Addition of noggin that expectedly
downregulated nuclear localization of pSmad1/5/8 in LEPCs led to nuclear localization of β-catenin in larger LEPCs but
membrane relocation of β-catenin in smaller LEPCs and significant upregulation of DKK1/2. Hence, balancing acts between
Wnt signaling and BMP signaling exist not only within LEPCs but also between LEPCs and LNCs to regulate clonal growth of
LEPCs.
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Stem cells (SCs) are defined by their ability for self-renewal
and adopting multiple fate decisions. Cumulative evidence
indicates that self-renewal and fate decision of adult
SC are regulated in a specialized microenvironment, termed
“niche”. Regulation of SC in their native niche is conceivably
mediated by a subset of neighboring cells including presumed
niche cells (NCs), extracellular matrix, and modulating factors
sequestered therein (reviewed in Li and Clevers, 2010). In the
model of the corneal epithelium, its SCs are located at a unique
anatomic region termed limbal palisades of Vogt (Lavker et al.,
2004). Like other adult SC niches, the limbal niche is composed
of the extracellular matrix including the basement membrane
and several candidate limbal NCs (LNCs) (Li et al., 2007). As a
first step to dissect the in vivo complexity, we have recently
used collagenase digestion to isolate a subset of pancytokeratin
(PCK-) and vimentin+LNCs that exhibit a unique phenotype,
i.e., a size as small as 5 μm in diameter and heterogeneously
expressing such SCmarkers as Oct4, Sox2, Nanog, Rex1, Nestin,
N-cadherin, SSEA4, and CD34 (Chen et al., 2011; Xie et al.,
2012). We further demonstrated that a close contact between
limbal epithelial progenitor cells (LEPCs) including presumed
SCs and LNCs is crucial to maintain the clonal growth on 3T3
fibroblast feeder layers (Chen et al., 2011). Moreover, reunion
between single LEPC and single LNC to form spheres in 3D
Matrigel via SDF-1/CXCR4 signaling prevents differentiation of
LEPC into the corneal fate decision (Xie et al., 2011). However
the signaling pathways intrinsically within LEPCs and extrinsi-
cally between LEPC and LNC that may govern self-renewal and
corneal fate decision of LEPCs remain largely unknown.
Several studies have shown that adult SCs are regulated
in their native niche by BMP, Wnt, Shh, and Notch signaling
pathways (Spradling et al., 2001; Staal and Luis, 2010).
Canonical BMP and Wnt signaling pathways regulating
gene transcription via SMAD and β-catenin/Lef transcription
factors, respectively, are conserved and interact during
many developmental processes (Staal and Luis, 2010;
Clevers, 2006; Larsson and Karlsson, 2005). For the epider-
mis, the BMP signaling is active to maintain SC quiescence in
the hair bulge area (Kobielak and Stokes, 2007; Blanpain et
al., 2004; Zhang et al., 2006) where the Wnt signaling is
inhibited by Wnt inhibitors such as DKK1, sFRP, and Wif1
(Tumbar et al., 2004). In contrast, active SC renewal in the
dermal papilla is achieved by blocking BMP signaling
(Kobielak and Stokes, 2007; Zhang et al., 2006; Jamora et
al., 2003) and by activating the Wnt signaling (Kobielak and
Stokes, 2007; Zhang et al., 2006). BMP-inactivated bulge
SCs exhibit a gene profile of upregulation of Wnt ligands
and receptors resembling hair SCs in the dermal papilla,
suggesting that the competitive balance of intrabulge BMP
and Wnt signaling governs the homeostasis of hair bulge SCs
(Kandyba et al., 2013). Gene ontology and network analyses
also suggested that Wnt and TGF-β/BMP pathways are involved
in the limbal niche regulation (Nakatsu et al., 2013). BMP2,
BMP3, BMP4, BMP5, BMP7, and BMP receptors are expressed in
human corneal epithelial cells and keratocytes (You et al.,
1999; Mohan et al., 1998), suggesting that BMP signaling is
involved in the regulation of corneal cells. Activation of Wnt
signaling is noted during proliferation of LEPC induced by
air-lifting (Kawakita et al., 2005) and addition of LiCl (Nakatsu
et al., 2011). Exogenous addition of Wnt7A promoted cornealepithelial proliferation (Lyu and Joo, 2005). Hence, it remains
largely unclear how both BMP andWnt signaling might operate
in achieving a balance between self-renewal and fate decision
of LEPCs during interaction with LNCs in the limbal niche. To
address this question, we first establish an in vitro model
of sphere growth formed by reunion of LEPCs with LNC
aggregates in 3D basement membrane-containing Matrigel.
This model system serves as a surrogate limbal niche to
recapitulate the promotion of clonal growth (activation) and
suppression of corneal differentiation (fate decision) of LEPCs
by LNC aggregates. Our further investigation unravels for the
first time that the aforementioned function of LEPCs is
governed by integration of both BMP and Wnt signaling within
LEPCs and between LEPCs and LNC through the unique
modulation of respective extracellular inhibitors.
Materials and methods
Isolation of limbal epithelial progenitor cells and
niche cells
LEPCs (Espana et al., 2003) and LNCs (Chen et al., 2011; Xie et
al., 2012, 2011; Li et al., 2012a) were isolated and cultured as
previously prescribed. In brief, corneoscleral rims from 18
to 60 year old donors were obtained from the Florida Lions
Eye Bank (Miami, FL) and managed in accordance with the
Declaration of Helsinki. After corneoscleral tissue was rinsed
three times with Hanks' balanced salt solution containing
50 μg/mL gentamicin and 1.25 μg/mL amphotericin B, the
remaining sclera, conjunctiva, iris, trabecular meshwork, and
corneal endothelium were removed. Then the tissues were cut
into 12 one-clock-hour segments by trimming of tissue at 1 mm
within and beyond the anatomic limbus. These limbal segments
were digested at 4 °C for 16 h with 10 mg/mL Dispase II
(Roche Applied Science, Indianapolis, IN) in MESCM made of
DMEM/F-12 (1:1) supplemented with 10% knockout serum,
5 μg/mL insulin, 5 μg/mL transferrin, 5 ng/mL sodium sele-
nite, 4 ng/mL bFGF, 10 ng/mL hLIF, 50 μg/mL gentamicin,
and 1.25 μg/mL amphotericin B to generate intact epithelial
sheets. The dispase-removed epithelial sheet was treated
with 0.25% trypsin and 1 mM EDTA (T/E) at 37 °C for 15 min to
yield single LEPCs. The remaining stroma was digested
with collagenase A at 37 °C for 18 h to generate floating cell
clusters. Single cells derived from limbal clusters were seeded
at 1 × 104/cm2 in the 6-well plate with coated Matrigel, which
was prepared by adding 40 μL of 5% Matrigel/cm2 for 1 h
at 37 °C before use and cultured in MESCM in humidified 5%
CO2 with media changed every 3 or 4 days. Cells at 80–90%
confluence were rendered single cells by T/E and serially
expanded at the seeding density of 1 × 104 cells/cm2 for up to
4 passages to yield LNCs without epithelial contamination.
Cell culture and treatment
Single P4 LNCs were seeded at a density of 1 × 105 cells/cm2 in
MESCM on 3D Matrigel, which was prepared by adding 100 μL of
50% Matrigel (diluted in MESCM) per well of a 96-well plate
following incubation at 37 °C for 1 h, to form LNC aggregates.
On the next day, single LEPCs obtained from dispase-isolated
epithelial sheetwere seeded on 3DMatrigel with or without LNC
aggregates at a density of 1 × 105 cells/cm2. In some cultures,
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et al., 2011), other were treated with or without 500 ng/mL
noggin or 5 μM XAV939, a Wnt signaling inhibitor (Huang et al.,
2009) on Day 0. All materials used for cell isolation, culturing
and treatment are listed in Supplemental Table 1.
Quantitative Real-time Polymerase Chain Reaction
(qRT-PCR)
LEPCs or LNC aggregates alone or reunion (LEPC+LNC) cultured
on 3D Matrigel in MESCM with or without noggin or XAV939 for
6 days and LNCs alone cultured on plastic were subjected to
extraction of total RNAs by an RNeasy Mini RNA Isolation Kit
(Qiagen, Valencia, CA). A total of 1–2 μg of total RNAs was
reverse-transcribed to cDNA by a High Capacity cDNA Tran-
scription Kit (Applied Biosystems, Foster City, CA). qRT-PCRwas
carried out in a 20 μL solution containing cDNA, TaqMan Gene
Expression Assay Mix and universal PCR Master Mix in a 7300
Real-time PCR System (Applied Biosystems). The qRT-PCR
profile consisted of 10 min of initial activation at 95 °C followed
by 40 cycles of 15-sec denaturation at 95 °C, and 1-min
annealing and extension at 60 °C. The relative gene expression
data was analyzed by the comparative CT method (ΔΔCT). All
assays were performed in triplicate for each primer set. The
results were normalized by an internal control, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). All TaqMan Gene Expres-
sion Assays with probe sequences are listed in the Supplemental
Table 2.
RT2 Profiler PCR Array
LEPCs or LNC aggregates alone or reunion (LEPC+LNC) cultured
on 3D Matrigel in MESCM for 6 days were subjected to
extraction of total RNAs by the RNeasy Mini RNA Isolation Kit
(Qiagen, Valencia, CA). A total 0.5 μg of total RNAs was reverse
transcribed to cDNA by the RT2 First Strand Kit (Qiagen,
Valencia, CA) for each plate. Real-time PCR for RT2 Profiler
PCR Array was carried out in a 25 μL solution containing cDNA,
2× RT2 SYBR Green Mastermix, cDNA synthesis reaction and
RNase-free water on a BMP and Wnt Signaling Pathway RT2
Profiler PCR Array Plate (Qiagen, Valencia, CA) in a 7300
Real-time PCR system (Applied Biosystems). Real-time RT-PCR
profile consists of 10 min of initial activation at 95 °C followed
by 40 cycles of 15-sec denaturation at 95 °C, and 1-min
annealing and extension at 60 °C and an association stage
including 15-sec at 95 °C, 1-min at 60 °C and 15-sec at 95 °C.
The relative gene expression data was analyzed by RT2 Profiler
PCR Array data analysis v3.5 (Qiagen, Valencia, CA). Each array
per plate was performed in triplicate, and contained 96 genes
including 5 house genes and 91 genes of ligands, receptors, and
modulators involved in and target genes of either BMP or
Wnt signaling pathways. The detail of these genes is listed in
Supplemental Table 3.
3T3 clonal culture
The self-renewal (activation) of LEPCs was determined by a
clonal assay on 3T3 fibroblast feeder layers in supplemental
hormonal epithelial medium (SHEM), which was made of an
equal volumeof HEPES-bufferedDMEMandHam's F12 containing
bicarbonate, 0.5% dimethyl sulfoxide, 2 ng/mL mouse-derivedEGF, 5 μg/mL insulin, 5 μg/mL transferrin, 5 ng/mL sodium
selenite, 0.5 μg/mL hydrocortisone, 30 ng/mL cholera toxin A
subunit, 5% FBS, 50 μg/mL gentamicin, and 1.25 μg/mL
amphotericin B(23). The feeder layer was prepared by treating
80% subconfluent 3T3 fibroblasts with 4 μg/mL mitomycin C at
37 °C for 2 h in DMEM containing 10% newborn calf serum
before seeding at the density of 2 × 104 cells/cm2. On Day 6 of
culturing, a total of 1000 single cells obtained from LEPC+LNC
treated with or without noggin or XAV939, and a total of 500
single cells obtained from LEPC alone were seeded on
mitomycin C-treated 3T3 fibroblast feeder layers for 12 days.
The resultant clonal growth was assessed by rhodamine B
staining, and colony-forming efficiency was measured by
calculating the percentage of the clone number divided by the
total number of PCK+ cells seeded according to the result of the
double immunostaining of PCK/VIM. The resultant clones were
subdivided into holoclone, meroclone, and paraclone based on
the criteria established for skin keratinocytes (Barrandon and
Green, 1987) and successfully applied to LEPCs (Chen et al.,
2011; Xie et al., 2012).
Immunofluorescence staining
Fresh human corneoscleral rims were embedded in Tissue-Tek
OCT compound (Sakura Finetek, Torrance, CA) and snapfrozen
in liquid nitrogen for cryosectioning into 6 μm in thickness.
Clones on the 3T3 fibroblast feeder layer were fixed with 4%
formaldehyde at room temperature for 15 min when terminat-
ed for the clonal assay. Single cells fromall the above treatment
groups on Day 6were prepared for cytospin using the Cytofuge®
at 1000 rpm for 8 min (StatSpin, Inc., Norwood, MA), fixed with
4% formaldehyde at room temperature for 15 min. The above
samples were permeabilized for immunofluorescence staining
with 0.2% Triton X-100 in PBS for 15 min and blocked with 2%
BSA in PBS for 1 h at room temperature before being incubated
with primary antibodies overnight at 4 °C. After washing with
PBS, the corresponding secondary antibodies were incubated
with for 1 h using the appropriate isotype-matched non-specific
IgG antibodies as controls. The nucleus was counterstained
with Hoechst 33342 before being analyzed with a Zeiss LSM 700
confocal microscope (LSM700, Carl Zeiss, Thornhood, NY).
Detailed information about primary and secondary antibodies
and agents used for immunostaining is listed in Supplemental
Table 4.
Statistical analysis
All assays were performed in triplicate, each with aminimum of
three donors. The data were reported as means ± SD and
compared using the appropriate version of Student's unpaired
t-test. Test results were reported as two-tailed P-values, where
P b 0.05 was considered statistically significant.
Results
LNC aggregates in 3D Matrigel
We have previously shown that LNC can be isolated and
expanded on coated Matrigel in MESCM up to 12 passages
(Xie et al., 2012; Li et al., 2012a). During this time, there is a
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which can be regained by seeding single LNCs back in 3D
Matrigel in MESCM (Xie et al., 2012). To reaffirm this finding,
we seeded single P4 LNCs at a density of 1 × 105/cm2 in
MESCM in 3D Matrigel in MESCM. Our result showed that LNC
formed aggregates in both 3D Matrigel and on plastic on
Day 1. However by Day 6, aggregates formed on plastic
began to spread to monolayers, but continued to be
maintained in 3D Matrigel (Fig. 1A). qRT-PCR revealed
significant upregulation of Nanog, Oct4, Rex1 and CXCR4 by
LNC aggregates in 3D Matrigel when compared to the plastic
control (Fig. 1B, *P b 0.01, n = 3). Immunofluorescence stain-
ing also confirmed a higher expression of Oct4, Nanog, and Rex1
in 3D Matrigel when compared to the plastic control (Fig. 1C).
The above finding supported our previous finding (Xie et al.,
2012) and indicated that LNC aggregates formed in 3D Matrigel
maintained the original phenotype.Reunion between LEPCs and LNC aggregates
prevents corneal differentiation
We have previously demonstrated that single LEPCs and single
LNCs could form reunion to yield sphere growth in 3D Matrigel
in MESCM to prevent corneal differentiation of LEPCs (Xie et
al., 2011; Li et al., 2012a, 2012b). Because LNC formed
aggregates and maintained the phenotype in 3D MatrigelFigure 1 3D Matrigel promotes aggregation of LNC and maintains th
plastic at 1 × 105/cm2 in MESCM. Phase contrast microscopy was used t
expressed on 3D Matrigel were compared to that of the plastic contro
staining confirmed the higher expression of Nanog, Oct4, Rex1 and CXC
Hoechst 33342). Scale bars: 100 μm in (A) and 50 μm in (C).(Fig. 1) and because aggregated rather than single LNCs are
more likely to mimic the in vivo niche, we would like to know
whether pre-formed LNC aggregates also attracted single
LEPCs to form spheres. Consistentwith our previous report (Xie
et al., 2011), single LEPC alone also gradually formed spheres
in 3D Matrigel during 6 days of culturing (Fig. 2A). In contrast,
when they were seeded with pre-formed LNC aggregates in
LEPC+LNC, they formed fewer but larger spheres by Day 6
(Fig. 2A), supporting mutual attractions between LEPCs and
LNC aggregates. Double immunostaining of PCK and Vimentin
(VIM) confirmed that such sphere formation was mediated by
SDF-1/CXCR4 signaling in a similar manner to our previous
report using single LEPCs and single LNCs (Xie et al., 2011)
because the interruption of SDF1/CXCR4 signaling by AMD3100
added at the time of seeding effectively disrupted the reunion
with PCK+LEPCs and VIM+LNCs, i.e., resulting in aggregates
made of either PCK+ cells or VIM+ cells, but not those made of
both in the control without AMD3100 (Fig. 2B). We then
performed double immunostaining between PCK and the
following three markers: p63α, a presumed marker of limbal
SCs (Pellegrini et al., 2001), CK15, which is preferentially
expressed by limbal basal epithelial cells (Yoshida et al., 2006;
Lyngholm et al., 2008) and the hair bulge region (Liu et al.,
2003), and CK12, which is a known cornea-specific differenti-
ation marker (Chen et al., 1994; Liu et al., 1994). The results
showed that most PCK+ cells were p63α+ no matter whether
they were in LEPC or LEPC+LNC, consistent with the reportede phenotype of LNC. Single P4 LNCs were seeded on 3D Matrigel or
o monitor the formation of spheres (A). At Day 6, transcript levels
l set as 1 by qRT-PCR (n = 3, *P b 0.01) (B). Immunofluorescence
R4 by LNC aggregates on 3DMatrigel (C, nuclear counterstaining by
Figure 2 LNC aggregates on 3D Matrigel prevent LEPC from differentiation. Single LEPC were seeded with or without LNC
aggregates, of which the latter was treated with or without AMD3100 on 3D Matrigel in MESCM at 1 × 105/cm2. Phase contrast
microscopy was used to monitor sphere growth of LEPCs with or without LNC aggregates (A), the latter with or without AMD3100 (B).
Representative double immunofluorescence staining of PCK/VIM was shown on cytospin preparations of aggregate culture with or
without AMD3100 (B). Representative double immunofluorescence staining of PCK/p63α and PCK/CK12 was shown on single LEPCs
with or without LNC aggregates on Day 6 (C, nuclear counterstaining by Hoechst 33342). The percentage of p63α+, CK15+, or CK12+
cells in PCK+ cells was compared between these two groups (D). Scale bars: 100 μm in (A and B) and 25 μm in (C).
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retained in spheres in 3D Matrigel in this model (Xie et al.,
2011). However, more CK12+ cells were observed in LEPC than
LEPC+LNC (Fig. 2C). Further quantification analysis revealed
that there was no significant difference in the percentage of
p63α+ cells and CK15+ cells (Fig. 2D), 69.7 ± 8.6% and 52.3 ±
4.9%, respectively, in LEPC vs. 85.1 ± 6.3% and 44.4 ± 8.6%,
respectively, in LEPC+LNC (P N 0.05, n = 3). However, the
percentage of CK12+ cells was significantly higher in LEPC
(8.4 ± 2.0%) than in LEPC+LNC (4.7 ± 1.8%) (P b 0.05, n = 3).
Hence, reunion between LEPC and LNC aggregates was also
mediated by SDF-1/CXCR4 signaling and also reduced corneal
fate decision similar to the reported reunion between LEPC
and single LNC.More holoclones in LEPC+LNC
To determine whether the aforementioned suppression of
corneal fate decision was also coupled with promotion ofself-renewal of LEPCs by reunion with LNC aggregates, we
performed a clonal assay by seeding a total 1000 single cells
from LEPC+LNC and a total 500 single cells obtained from
LEPC alone per six-well plate containing mitomycin C-
treated 3T3 fibroblast feeder layers in SHEM for 12 days. A
two-fold seeding density that was used in LEPC+LNC was
based on the result of the double immunostaining between
PCK and VIM performed before seeding. The results showed
that LEPC+LNC generated more rhodamine B-stained clones
with a significantly higher percentage of holoclones and
lower meroclones and paraclones than LEPC alone (Fig. 3A,
*P b 0.05, n = 3). The three different types of clones,
i.e., holoclone, meroclone, and paraclone, were differenti-
ated by the clone size, the smoothness of the clone border,
the cell size in the center of the clone as performed in
keratinocytes (Barrandon and Green, 1987) and LEPCs (Chen
et al., 2011; Xie et al., 2012). Herein, we noted that the
aforementioned morphological features also correlated well
with expression of p63α and CK12 (Fig. 3B). Holoclones were
not only larger and smoother and had small compact cells in
Figure 3 Holoclones are promoted by reunion with LNC aggregates. To ensure that the same number of PCK+ cells was compared, a
total of 1000 single cells from LEPC+LNC and a total of 500 single LEPC were seeded per 6-well on mitomycin C-treated 3T3 fibroblast
feeder layers in SHEM for 12 days. Representative clonal growth by rhodamine B staining showed that LEPC+LNC yielded a significantly
higher percentage of holoclones and a significantly lower meroclones and paraclones (A, n = 3, *P b 0.05). Holoclone, meroclone, and
paraclonewere differentiated by clone size, the smoothness of the clone border, the cell size in the center of the clone (B, insetmarks the
area with higher magnification), and by different patterns revealed by double immunofluorescence staining of CK12 and p63α (C, nuclear
counterstaining by Hoechst 33342). Scale bars: 10 mm in (A), 100 μm in (B), and 25 μm in (C).
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the periphery without any CK12+ cells (Fig. 3C). In contrast,
paraclones and meroclones were not only smaller, irregular,
and had large cells in the center, but also had p63α+ cells
evenly distributed throughout the clone with many large
suprabasal CK12+ cells (Fig. 3C). Collectively, these findings
supported the notion that self-renewal of LEPCs was also
promoted by reunion with LNC aggregates resembling
reunion with single LNCs (Xie et al., 2012).Activation of both BMP and Wnt signaling
in LEPC+LNC
Using the above model system, we explored whether BMP and
Wnt signaling were involved by performing double immunoflu-
orescence staining between PCK and pSmad 1/5/8 orβ-catenin.
Cross-sections of the human limbal tissue showed positive
staining of pSMAD1/5/8 close to the cell membrane in PCK+
limbal basal epithelial cells (Fig. 4). Interestingly, strong
cytoplasmic pSMAD1/5/8 staining was detected in some stromal
cells in the limbal stroma (Fig. 4) but not in cornea (data not
shown). β-Catenin was detected in the intercellular junction
throughout the entire limbal and corneal epithelium (Fig. 4).The cytospin preparation of single cells from epithelial sheets
freshly isolated by dispase also revealed the same pattern for
both pSmad 1/5/8 and β-catenin in PCK+ cells (Fig. 4, dispase),
indicating that dispase digestion followed by T/E did not
activate either BMP or Wnt signaling in LEPCs. pSmad 1/5/8
and β-catenin were still located at the cell membrane of PCK+
cells in cultures with LEPCs alone when dissociated from 3D
Matrigel by dispase (Fig. 4, LEPC). In contrast, pSmad 1/5/8was
located in the nucleus and β-catenin was enriched in the
perinuclear cytoplasm of PCK+ cells in LEPC+LNC (Fig. 4,
LEPC+LNC). These data indicated that both BMP and Wnt
signaling pathways were not activated in LEPC spheres alone,
but activated in LEPCs, but not in LNCs in LEPC+LNC in 3D
Matrigel.Differential gene expression in BMP and
Wnt signaling
To further dissect the mechanism and thereby activation of
both BMP and Wnt signaling that occurred in LEPC+LNC, we
used RT2 Profiler PCR Array to screen the expression of 5 house
genes as the control and 84 genes including ligands, receptors,
extracellular, membrane and intracellular modulators, and
Figure 4 Activation of BMP and Wnt signaling in LEPC by re-union with LNC aggregates. Double immunofluorescence staining of
PCK/pSmad 1/5/8 and PCK/β-catenin was performed on a cross section of the human limbal tissue and cytospin preparations of the
limbal epithelial sheet freshly isolated by dispase, LEPC alone, and LEPC+LNC. LNCs were PCK− cells (marked by red arrow heads).
Nuclear counterstaining by Hoechst 33342. Scale bar: 25 μm.
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Wnt signaling (for details of these genes see Supplemental
Table 3). Setting the expression level of LNCs alone as the
control, we compared those of LEPC alone and LEPC+LNC.
Among 7 Smad target genes, Sox4 and bone gamma-
carboxyglutamic acid-containing protein (BGLAP) were unique-
ly upregulated in LEPC+LNC, confirming the aforementioned
activation of BMP signaling (Fig. 4). As shown in Fig. 5A, among
12 BMP ligands, BMP1, 2, 3, 5, 6, and 7, growth differentiation
factors GDF2 and GDF3 were upregulated in LEPC culture alone
while GDF5, 6, and 7 and BMP4were upregulated in LNC culture
alone, suggesting that different BMP ligands were upregulated
by LEPCs and LNCs. Interestingly, BMP1, BMP3, and BMP4 were
further upregulated in LEPC+LNC. Among 3 BMP receptors,
BMPR1B and BMPR2 were upregulated in LEPCs alone; BMPR1A
was upregulated in LNCs alone, while all three were markedly
upregulated in LEPC+LNC. Such BMP inhibitors as BMP and
activin membrane-bound inhibitor homolog (BAMBI) and
thrombospondin 1 (THBS1) were upregulated in LEPCs alone
while noggin (NOG), chordin (CHRD), and decorin (DCN) were
upregulated by LNCs alone. Among 12Wnt targeted genes, G1/
S-specific cyclin-D2 (CCND2), paired-like homeodomain tran-
scription factor 2 (PITX2) and WNT1-inducible-signaling path-
way protein 1 (WISP1) were uniquely upregulated in LEPC+LNC,
confirming the aforementioned activation of Wnt signaling
(Fig. 4). As shown in Fig. 5B, among 13 Wnt ligands, Wnt7A, 7B,
10A, 9A, 3, and 4 were upregulated in LEPC, while Wnt1, 2, 3A,
2B, 5A, 5B, 6, 8A, 11, and 16 were upregulated in LNCs, also
suggesting that different Wnt ligands were expressed by these
two cell types. Importantly, Wnt7A was uniquely upregulated
in LEPC+LNC. An overwhelming majority of 11 Wnt receptors
was expressed by LNCs except for FZD5 and FZD6, which wereexpressed in LEPC. Interestingly, FZD3 and FZD5 were further
upregulated in LEPC+LNC. Among 22 negative Wnt regulators,
18 genes were upregulated in LNCs, 4 genes were upregulated
in LEPC, but interestingly, only Dickkopf-related protein (DKK)
1 was upregulated in LEPC+LNC. Hence, we have identified a
subset of ligands, receptors, and extracellular inhibitors that
are specifically upregulated during activation of Wnt and BMP
signaling in LEPC+LNC.Involvement of BMP or Wnt signaling in LEPC
clonal growth
Because both BMP and Wnt signaling were activated in LEPCs
in LEPC+LNC (Fig. 4), we would like to determine their
respective role in controlling the activation of the afore-
mentioned epithelial clonal growth of LEPCs (Fig. 3) by
adding noggin to intercede extracellular BMP (Bragdon et
al., 2011) and XAV939, which suppresses Wnt signaling by
inhibiting tankyrase to promote cytoplasmic degradation of
β-catenin (Huang et al., 2009). The results showed that both
colony-forming efficiency and the number of holoclones
were not affected by noggin (Fig. 6A, P N 0.05, n = 3), but
significantly reduced by XAV939 (P b 0.05, n = 3), suggesting
that the activation of Wnt signaling was necessary for
promoting clonal growth of LEPCs. To determine the
outcome of LEPCs following the treatment of noggin or
XAV939, we investigated the expression of p63α, CK15 and
CK12 by qRT-PCR. Compared to the control (LEPC+LNC), the
addition of either noggin or XAV939 significantly upregulated
the transcript level of CK15 and CK12 without affecting
that of p63α, suggesting that both treatments promoted
Figure 5 Differential expression of ligands, receptors, and modulators of BMP and Wnt signaling. Total RNAs from LEPC alone, LNC
alone, and LEPC+LNC in 3D Matrigel on Day 6 were subjected to the RT2 Profiler PCR Array designed for BMP and Wnt signaling
respectively. The relative expression level (low in green and high in red) was displayed for all ligands, receptors, and negative
inhibitors, as well as a subset of target genes in BMP signaling (A) and Wnt signaling (B) was compared by setting LNC alone as the
Control Group, LEPC alone as Group 1, and LEPC+LNC as Group 2.
569Integration of BMP/Wnt Signaling in Epithelial Clonal Growthcorneal epithelial differentiation (Fig. 6B). Addition of
noggin promoted significantly upregulated CK12 expression,
suggesting more corneal differentiation, than addition of
XAV939 (Fig. 6B). As expected, noggin downregulated the
nuclear localization of pSmad 1/5/8 in PCK+LEPCs. Surpris-
ingly, noggin turned the perinuclear cytoplasmic staining of
β-catenin into two patterns, that is, nuclear localization in
larger PCK+ cells and membrane localization in smaller
PCK+ cells where adjacent LNCs also exhibited membrane
staining of β-catenin (Fig. 6C). As expected, XAV939 reduced
the intensity of the perinuclear cytoplasmic staining of
β-catenin in larger PCK+ cells, but to nil in smaller PCK+
cells where adjacent LNCs also exhibited strong membrane
staining of β-catenin. Surprisingly, XAV939 enhanced nucle-
ar localization of pSmad 1/5/8 in both PCK+LEPCs and
PCK-LNCs, leading to activation of BMP signaling in both
LEPCs and LNCs. These results disclosed that the clonal
growth of LEPCs was promoted by Wnt signaling after
reunion with LNCs and that such Wnt activation could
negatively be modulated by BMP signaling.Integration of BMP and Wnt signaling
Because noggin suppressed BMP signaling and promoted Wnt
signaling in larger LEPCs in LEPC+LNC (Fig. 6B) we then
performed qRT-PCR analysis to verify whether the genes
identified by the PCR array in these two signaling pathways
(Fig. 5) were indeed changed. Setting the expression level byLNCs alone as the control, we confirmed that both Wnt7A
and FZD5 were predominantly expressed by LEPCs and that
DKK1, DKK2 and noggin were predominantly expressed by
LNCs (Fig. 7A). This finding was consistently noted in two
separate donors. Setting the expression level of LEPC+LNC as
the control, we noted that addition of noggin resulted in
significant reduction of Wnt7A and FZD3 but upregulation of
FZD5, DKK1, and DKK2 (Fig. 7A), suggesting that suppression
of BMP signaling could modulate Wnt signaling. Because
addition of XAV939 downregulated Wnt signaling and clonal
growth but promoted BMP signaling in LNCs (Fig. 6), we also
used qRT-PCR analysis to examine the expression of those
genes identified by the array (Fig. 5). Setting the expression
level by LNCs alone as the control, we noted that BMP1,
BMP4, BMPR1A, BMPR1B, and BAMBI were more expressed by
LEPCs, while noggin was expressed more by LNCs (Fig. 7B).
Using the expression pattern of LEPC+LNC as the control, we
noted that addition of XAV939 upregulated all three BMP
receptors, but downregulated noggin (Fig. 7B), suggesting
that suppression of Wnt signaling by XAV9393 could upreg-
ulate BMP signaling. Collectively, these balancing acts
between Wnt signaling and BMP signaling could partake in
clonal growth of LEPCs after reunion with LNC aggregates.
Discussion
In the locale of limbal palisades of Vogt, limbal epithelial SCs
lie deep in the stroma, as suggested by undulation and
Figure 6 Clonal growth of LEPC is modulated by BMP or Wnt signaling. The same number of cells from LEPC+LNC was seeded per
6-well on mitomycin C-treated 3T3 fibroblast feeder layers in SHEM with or without 500 ng/mL noggin or 5 μM XAV939 for 12 days.
Representative rhodamine B stained clones and percentage of total clones, holoclones, paraclones, and meroclones were compared
(A, n = 3, *P b 0.05). Total RNAs from LEPC+LNC with or without treatment by noggin or XAV939 were subjected to qRT-PCR analysis
of p63α, CK15, CK12 (B, n = 3, *P b 0.05 when compared to the control, i.e., LEPC+LNC, and when noggin was compared to XAV939
for CK12 but not CK15). Representative double immunofluorescence images of PCK/pSmad 1/5/8 and PCK/β-catenin were also
compared. LNCs were PCK− cells (marked by red arrow heads). Two different staining patterns in PCK+ cells, indicated by white
arrows and arrow heads, respectively were noted after noggin and XAV939 treatments (C, nuclear counterstaining by Hoechst 33342).
Scale bars: 10 mm in (A), 25 μm in (C).
570 B. Han et al.fenestration of the basementmembrane (Gipson, 1989; Dua et
al., 2005), by crypt-like structures disclosed by serial histologic
sectioning (Dua et al., 2005; Shanmuganathan et al., 2007;
Yeung et al., 2008) and ultrastructural analyses (Shortt et al.,
2007) and by the necessity of using collagenase rather than
dispase for their isolation (Chen et al., 2011). Such teleological
closeness is crucial to modulate fate decision of LEPCs, as
demonstrated by the prevention of corneal epithelial differ-
entiation in the sphere growth generated by reunion between
single LEPCs and single NCs in 3DMatrigel (Xie et al., 2011; Li et
al., 2012a, 2012b). Because LNCs in this locale exist not
as single cells but as a group of cells with heterogeneous
expression of a number of ESCmarkers (Chen et al., 2011), as a
first step to dissect the in vivo complexity and recapitulate this
in vivo feature, we have demonstrated that LNCs formed
aggregates in 3D Matrigel and retained their normal phenotype
based on expression of several ESC markers (Fig. 1). Like
reunion between single LEPCs and single NCs reported earlier
(Xie et al., 2011), reunion between single LEPCs and LNCaggregates also occurred and maintained their progenitor
status (Fig. 2). Similar to previous reports (Xie et al., 2011; Li
et al., 2012a, 2012b), reunion between single LEPCs and LNC
aggregates in 3D Matrigel was mediated by SDF-1/CXCR4
signaling and accompanied by inhibition of corneal fate
decision (Fig. 2) and significantly more clonal growth with
more holoclones (Fig. 3). Therefore, this in vitro model
recapitulates an in vivo scenario where self-renewal and fate
decisions of LEPCs are controlled by LNCs in a close range
within the basement membrane.
Both BMP and Wnt signaling were not activated in
PCK+LEPCs in vivo and in vitro when freshly isolated by
dispase (Fig. 4). Activation of Wnt signaling plays a critical
role in controlling self-renewal of adult SCs located in the
dermal papilla (Myung et al., 2013), the intestinal crypt
(Hirata et al., 2013), and the bone marrow (Huang et al.,
2012). Consistent with this general paradigm, our study
demonstrated that clonal growth of LEPCs on 3T3 fibroblast
feeder layers measured by the colony-forming efficiency and
Figure 7 Integration of BMP and Wnt signaling. Total RNAs from LEPC alone, LNC alone, and LEPC+LNC with or without noggin (A) or
XAV939 (B) were subjected to qRT-PCR analysis of genes identified by the PCR array. The top panel compares LNC alone and LEPC alone by
setting the transcript expression level by the former as 1 (n = 3, * indicates P b 0.05). The bottom panel compares the effect of either
noggin or XAV939 by setting the transcript expression level by LEPC+LNC as 1 (n = 3, * indicates P b 0.05).
571Integration of BMP/Wnt Signaling in Epithelial Clonal Growththe total number of holoclones was promoted when LEPCs
formed reunion with LNC aggregates and that such activa-
tion of clonal growth was accompanied by activation of
Wnt signaling (Figs. 3 and 4). Activation of Wnt signaling in
LEPC+LNC was demonstrated by upregulation of CCND2,
PITX2, and WISP1, all known Wnt target genes, and was
further supported by the finding that the aforementioned
clonal growth was significantly reduced by addition of
XAV939, which inhibits the Wnt signaling (Fig. 6). Array and
qRT-PCR analyses of the entire family of Wnt ligands and
receptors disclosed that such activation of Wnt signaling
was correlated with upregulation of Wnt7A and FZD5 uniquely
expressed by LEPCs (Figs. 5 and 7). Because exogenous Wnt7A
has been shown to promote proliferation of corneal epithelial
cells (Lyu and Joo, 2005), future studies are needed to
determine how the expression of Wnt7A and FZD5 by LEPCs is
upregulated after reunion with LNC aggregates.
Additionally, BMP signaling was also activated as evidenced
by nuclear translocation of pSmad 1/5/8 in LEPCs after reunion
between LEPCs and LNC aggregates (Figs. 4 and 5). Activation of
BMP signaling in LEPCs was supported by upregulation of Sox4
and BGLAP, known BMP target genes, and by upregulation of
BMP1, 3, and 4 and three BMP receptors among all ligands and
receptors surveyed, by the array (Figs. 5 and 7). BMP signaling
counteracts Wnt signaling in controlling SC activation in the
bulge SCs (Kandyba et al., 2013). Herein, we noted thataddition of noggin, which suppresses BMP signaling as evidenced
by decreased nuclear localization of pSmad 1/5/8 in LEPCs,
resulted in nuclear translocation of perinuclear cytoplasmic
β-catenin, i.e., full activation of the canonical Wnt signaling
(Fig. 6). This finding reminisces an earlier finding in mouse
embryonic epidermal buds where Wnt3a that stabilizes cyto-
plasmic β-catenin is complimented by noggin, which induces
Lef1 expression, resulting in full activation of canonical Wnt
signaling (Jamora et al., 2003). In our model, we noted nuclear
translocation of cytoplasmic β-catenin in larger PCK+ cells but
relocation to the cell membrane in smaller PCK+ cells (Fig. 6),
suggesting that suppression of BMP signaling by noggin could
result in divergent responses in Wnt signaling in these two
LEPC populations. Because activation of Wnt signaling was
correlated with clonal growth of LEPCs, we speculate that
suppression of BMP signaling by noggin might have resulted in
activation of clonal growth in presumed more differentiated
LEPCs sparing younger ones, explaining why the overall clonal
growth on 3T3 fibroblast feeder layers was not significantly
changed from the control (Fig. 6). This viewpoint was also
suggested by upregulation of more CK12 transcripts while
maintaining a similar level of CK15 transcript by noggin when
compared to XAV939 (Fig. 6). Future studies are needed to
determine whether re-establishment of membranous expres-
sion of β-catenin in smaller LEPCs and adjacent LNCs might
help control “quiescence” of limbal epithelial SCs.
572 B. Han et al.It should be noted that both Wnt and BMP signaling were
not activated in LNCs after reunion with LEPCs (Fig. 4). We
wondered if the inactivation of Wnt signaling in LNCs might be
due to the unique upregulation of DKK1 (Fig. 5), which was
preferentially expressed by LNCs (Fig. 7). Although DKK1 was
expressed slightly more by LEPC in the PCR array (Fig. 5),
RT-PCR verified consistent predominant expression of DKK1,
DKK2 and noggin by LNCs and predominant expression of
Wnt7A and FZD5 by LEPCs in two different donors (Fig. 7).
DKK2 knockout mice manifest ocular surface keratinization as
a result of the loss of the corneal fate decision of the ocular
surface epithelial progenitors (Mukhopadhyay et al., 2006).
Unlike mice, in which DKK2 is expressed by the ocular surface
epithelium (Mukhopadhyay et al., 2006), we noted that
the DKK2 transcript was uniquely expressed by LNCs (Fig. 7).
Expression of DKK1, however, was notably upregulated in
LEPC+LNC (Fig. 5) and expression of both DKK1 and DKK2 was
further upregulated by exogenous addition of noggin (Fig. 7). It
is tempting to speculate that such upregulation of DKK1 and
DKK2 by LNCs upon addition of noggin might suppress Wnt
signaling in smaller LEPCs adjacent to LNCs. Similarly, we also
wonder if the inactivation of BMP signaling in LNCs might
be due to unique upregulation of noggin (Fig. 5), which was
preferentially expressed by LNCs (Fig. 7). Because exogenous
addition of XAV939 significantly downregulated expression of
noggin (Fig. 7), this finding explained why BMP signaling was
eventually upregulated in LNCs (Fig. 6). Hence, downregula-
tion of either BMP or Wnt signaling in LNCs during LEPC+LNC
was likely due to upregulation of noggin or DKK1/2 by LNCs.
Our findings suggested that BMP and Wnt signaling might be
integrated in the limbal niche not only within LEPCs but
also between LEPCs and LNCs and that one controlling
mechanism is to modulate the expression of respective Wnt
or BMP inhibitors by LNCs. Further studies into such a
modulating mechanism of these three inhibitors should help
us understand better how LNCs might regulate quiescence,
self-renewal, and fate decision of LEPCs.
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